Our findings emphasize the need for vaccines to contain adequate amounts ofall three pertussis agglutinogens, and for satisfactory immunization schedules to be used in their administration.
Introduction
The pertussis vaccines used in the United Kingdom in fieldtrials by the Medical Research Council (1951, 1956, 1959) were shown to vary greatly in their protective potency. In most cases there was good correlation between their potency in children and their ability to protect mice against intracerebral challenge. The best batches of vaccine gave more than 80% protection in children at that time, and the mouse protection test has been used since then to control the potency of batches. By 1966-67, however, the protective effect of vaccination was less than 30% (Public Health Laboratory Service, 1969) .
The possibility that immunity to whooping cough may be type-specific (Preston, 1963) has been reinforced by subsequent findings (Chalvardjian, 1965; Kuznetsov, 1969; Preston, 1970a; Blaskett et al., 1971) . These have shown that the serotype of Bordetella pertussis that is prevalent in a community may be influenced by the antigenic composition of the vaccine in local use, and they have emphasized the need for pertussis vaccine to contain adequate amounts of all three heat-labile agglutinogens.
The validity of these conclusions has been brought into question by the discovery reported by Kuznetsov (1969) and by Zakharova and Gorbunova (1969) and confirmed by our own preliminary tests that a child may be infected with two serotypes simultaneously. The present investigation was designed to study the extent of such mixed infection, particularly in relation to the age and vaccination history of the patient.
General Plan and Methods
The whooping-cough patients from whom specimens were examined included inpatients at the Duchess of York Hospital for Babies, Manchester, and children in their own homes in or near Manchester. Many of these were in Salford or Stretford and formed a part of the continuing surveillance by the Public Health Laboratory Service which followed the survey mentioned above (Public Health Laboratory Service, 1969) .
The initial pernasal swab cultures were sent to us from the Public Health Laboratory, Manchester. When possible at least 12 colonies of Bord. pertussis were subcultured from each primary plate to charcoal-blood-agar (Oxoid, 1965) , and these subcultures were typed by slide agglutination as previously described (Preston, 1965a (Preston, , 1970a . In a minority of cases only confluent growth was obtained on the primary plate or fewer than 12 colonies appeared.
Vaccination histories were sought from parents, general practitioners, and health departments. A child was regarded as "vaccinated" only if a written record confirmed at least three inoculations of pertussis (or triple) vaccine. "Unvaccinated" children were those for whom the parent's negative statement was supported by the absence of written records. Patients with an absent or doubtful vaccination history or with fewer than three inoculations were placed in separate groups from these two categories.
Differences between groups of children are described as significant (P 0 05) or highly significant (P 0-005) by applying the calculations of Loewenthal and Wilson (1939) As in previous studies in the U.K. over the past 10 years (Preston, 1963; Report, 1965; Public Health Laboratory Service, 1969) This confirms the often-repeated claim (Preston, 1971 ) that the earlier vaccines given to these older children were more effective against strains with antigen 2 than against serotype 1,3.
In children aged 1-3 years there was no significant difference in serotype between the cultures from those who had been vaccinated and those who had not (Table I) , and this suggests that recently manufactured vaccines may be more nearly equal in their effectiveness against the different serotypes.
CHILD'S AGE AND SEROTYPES ISOLATED
Organisms with antigen 2 predominated in a smaller proportion of children aged 4-10 years (10/58; 17%) than of those under 1 year old (25/73; 34%) (Table I ), but this reflects the influence of vaccination in the older children, as noted above. In unvaccinated children aged 4-10 years a high proportion (9/20; 450%) had a predominance of strains possessing antigen 2.
Indeed, the only significant difference in serotype between the strains isolated from different age groups of unvaccinated children was between those aged 3-5 months, in which 13/26 (50%) had a predominance of strains possessing antigen 2, and those under 3 months, with 6/28 (21 On the other hand, among children aged 1-3 years, who would have been vaccinated in 1967 or later, positive cultures were obtained from 14 vaccinated patients, but only one had received a booster dose. Moreover, this child had a predominance of organisms possessing antigen 2 (9 out of 12 colonies tested), suggesting that the infection in this particular child resulted not so much from an inadequacy in antigenic content of the vaccine-for example, a lack of antigen 3-as from an overall failure of the immune response, even to the highly-antigenic factor 2 component. The implication of these findings may be that recently-manufactured vaccines are very effective when administered as a primary course of three injections followed by a booster dose but that the primary course alone may not provide adequate immunity. An assessment of the significance of these results, however, should allow also for the tendency during the past few years for a proportion of children to be vaccinated according to the schedule of the Central Health Services Council (1968), which makes no provision for a fourth dose of pertussis.
INFLUENCE OF ONLY ONE OR TWO DOSES
There were 11 children in our series (Table I ) who had received only one or two doses of pertussis vaccine before their attack of whooping-cough. Of these, 7 (64%) had an infection in which strains possessing antigen 2 predominated. This presents a picture similar to that seen in the unvaccinated child and noticeably different from that in children who had received three or four doses, in whom strains possessing antigen 2 rarely predominated. Although the numbers are too small to be significant the suggestion is that vaccination with fewer than three doses may not protect even against strains possessing antigen 2, an antigen that has been present in the past in an adequate concentration in most batches of vaccine. This apparent ineffectiveness of only one or two doses could not be attributed to vaccination at too young an age, for in none of the 11 cases was the first dose given at under 5 months of age.
INFECTIVITY OF SEROTYPE 1
Only one colony of the 504 that were tested from the primary cultures of 42 children aged under 6 months was of serotype 1. Moreover, this serotype was detected in only four of the 186 children in our entire series, and in each of these four cases it accounted for only one of the cobnies tested. The predominant serotype in these four children varied as shown in Table II .
From these findings we may conclude that type 1 is a degenerate form, probably resulting from antigen loss by mutation (Preston, 1970b) , and that it is not capable of establishing infection in a child by itself; either antigen 2 or antigen 3 or both must be present in an infecting strain.
It should be noted, in contrast, that serotype 1 can be highly virulent for mice, whereas strains freshly isolated from children (type 1,2,3, type 1,2, or type 1,3) are avirulent (Preston, 1966) . Indeed a type 1 strain can be used for the challenge in the mouse protection test.
CHANGE OF SEROTYPE DURING COURSE OF ILLNESS
In this series there were 19 cases from which more than one specimen yielded Bord. pertussis. In six of these there was a change of serotype (highly significant in four of them) during the course of illness (Table III) . In Cases 1-5 the colonies tested from the initial specimen were all of type 1,3, but antigen 2 was also detected in subsequent specimens. These five children were all unvaccinated, and it seems likely that they were infected initially with the type 1,3 strains now prevalent in this country and that type 1,2,3 mutants arose during the course of the illness and, in some cases, outgrew and replaced the original serotype in an environment where there was no selective influence due to antibody.
The opposite change in serotype was noted by Kuznetsov (1969) and by Zakharova and Gorbunova (1969) . The Russian vaccines in use in their areas were stated to be lacking in antigen 3, and most of the patients investigated by Zakharova and Gorbunova had been vaccinated. In cultures taken during the first two weeks of illness most of the strains possessed antigen 2, for types 1,2,3 and 1,2 were prevalent in their localities; but in specimens taken later type 1,3 predominated. We agree with Kuznetsov in attributing this change of serotype to the presence of a relatively high titre of antibody 2 in vaccinated children, and we feel that a similar explanation is likely in Case 6. However, as this child was from a broken home and there had not been continuity of medical attention we were unable to establish the vaccination status.
In Cases 7-19 (Table IV) Discussion Bord. pertussis was isolated from a smaller proportion of vaccinated children aged 1-3 years than vaccinated children aged 4-10 years, the difference being highly significant (Table I) . This is presented as an indication of greater efficacy of vaccines manufactured during or after 1967. It might be suggested that this difference could be atttibuted to remote vaccination in the older children, but two previous investigations (Report, 1965; Public Health Laboratory Service, 1969) showed no evidence of increasing susceptibility to pertussis infection as the interval from vaccination to exposure increased.
Another possible explanation would be a dramatic decrease in the acceptance of pertussis vaccine by the local population in recent years, for which again there is no evidence.
It seems hardly likely that practitioners would ask for pernasal specimens to be taken from vaccinated older children in preference to vaccinated younger children with paroxysmal coughs; indeed, the reverse might possibly be expected.
We are therefore led to suggest that recent vaccines have been more effective. It is true, however, that from the design of our investigation we have no evidence of lower morbidity in vaccinated children of the younger age group compared with the older group, but merely fewer isolations of Bord. pertussis. But it seems unlikely that the attack rate of clinical disease caused by Bord. pertussis would remain unaltered by vaccination while the bacteriologist's ability to establish the true nature of the illness by isolating the causative organism was noticeably reduced; and certainly this was not so with vaccines made before 1967. Nevertheless, even if morbidity due to Bord. pertussis were not decreased in the vaccinated population one might surmise that vaccines which could cause a highly significant decrease in the isolation of the organism from the nasopharynx would also reduce the spread of bordetella from one child to another and thereby decrease the attack rate in the population.
We have shown that vaccines made before 1967 were effective against the serotypes from which they were made, being rich in antigen 2, but many batches were devoid of antigen 3 and they did not protect against serotype 1,3. This was realized by 1963 (Preston, 1963; Wilson et al., 1965), and Muggleton (1967) (Preston, 1965b) , and three vaccines made in 1967 varied in their content of antigen 3 (Abbott et al., 1971) ; one (X) gave a good antibody response in both children and rabbits, the second (Y) gave a poor response, while antigen 3 was not detected in the third (Z). From other studies not yet complete it seems likely that much of the vaccine used in the U.K. during the past four years can stimulate a good antibody response in children to all three of these pertussis antigens, though in some antibody 3 has been detected only after a fourth (booster) dose of vaccine.
These considerations enable us to offer an explanation for the failure of recently-made vaccines to protect 14 of the present series of children aged 1-3 years (see above). In three (all with type 1,3 infections) one of the three doses of vaccine was made by manufacturer Z and may well have been lacking in antigen 3. Three others received their first dose when less than 2 months old, and their response may have been restricted by either maternal antibody or immunological immaturity or both (Taylor, 1970) ; indeed, most (14/16) of the colonies tested from one of these children contained antigen 2, suggesting a failure to respond even to the highly antigenic factor 2 component of the vaccine. In two other cases the precise ages at vaccination were not available, and one at least of these probably received the first dose when too young.
The six remaining children appear to have had a satisfactory Lastly, we note that the 33 vaccinated children aged 4-10 years included 12 who had an apparently satisfactory schedule. In this age group they would probably have received vaccine rich in antigen 2 but deficient in antigen 3, and in none of their infections did organisms with antigen 2 predominate. Five of the 12 had received a booster, and type 1,3 strains alone were recovered from these. Our recommendation that doses of vaccine should be given according to a satisfactory schedule starting when the child is not less than 3 months old must therefore be coupled with the necessity for vaccine to contain adequate amounts of all three pertussis agglutinogens, the commonest deficiency in the U.K. being antigen 3. With acceptance of these two conditions our findings give reason to believe that pertussis vaccines will again become highly effective in the future.
